Abstract. Using scanning confocal microscopy, we measure the backscattered second harmonic signal generated by a 100 fs laser in rat-tail tendon collagen. Damage to the sample is avoided by using a continuous scanning technique, rather than measuring the signal at discrete points. The second harmonic signal varies by about a factor of 2 across a single cross section of the rat-tail tendon fascicle. The signal intensity depends both on the collagen organization and the backscattering efficiency. This implies that we cannot use intensity measurements alone to characterize collagen structure. However, we can infer structural information from the polarization dependence of the second harmonic signal. Axial and transverse scans for different linear polarization angles of the input beam show that second harmonic generation (SHG) in the rat-tail tendon depends strongly on the polarization of the input laser beam. We develop an analytical model for the SHG as a function of the polarization angle in the rat-tail tendon. We apply this model in determining the orientation of collagen fibrils in the fascicle and the ratio ␥ between the two independent elements of the second-order nonlinear susceptibility tensor. There is a good fit between our model and the measured data. © 2002
Introduction
Derangements in the collagen structure and function play a pivotal role in a wide range of pathophysiological conditions, including aging. Historically, collagen has been studied using histological, morphological, physicochemical, and biochemical assays. These assays are destructive, and have required tissue obtained by biopsy or at autopsy. Nondestructive available imaging techniques have not addressed themselves to the scale necessary for analyzing the molecular architecture of collagen. Recently, we described an approach for analyzing collagen in vivo based on its nonlinear optical properties: analysis of second harmonic generation using an ultrashort pulse laser. [1] [2] [3] The first study of the second harmonic generation ͑SHG͒ in biological tissues was performed in 1971. 4 The earliest studies of the harmonic signal in type I collagen of a rat-tail tendon were reported in a series of exhaustive studies by investigators more than 20 years ago. [5] [6] [7] The use of transmission-mode detection and the absence of ultrashort pulse laser technology forced researchers in these previous studies to stretch and compress the sample to one tenth of its original thickness, thereby distorting, and possibly damaging, the fibrillar structure. Furthermore, second harmonic generation or its polarization dependence could not be measured directly as a function of position in the sample with good resolution, due to the large focal spot size. These problems have been largely addressed by the advent of short-pulse laser technology. The damage threshold intensity scales approximately as 1/ͱ , where is the pulse duration. 8 Therefore, short-pulse lasers allow smaller focal spot sizes-higher resolution-without causing damage. SHG using short-pulse lasers ͑nanosecond to femtosecond͒ has been observed by other investigators in teeth, 9 in chicken skin, 10, 11 and in a variety of other biological tissues. 12, 13 In the present study we report on a systematic analysis of type I collagen in a rat-tail tendon fascicle. We selected this particular tissue for study for several reasons. First, the fascicle is sufficiently small for detailed SHG scanning along several planes, and yet is also a well-defined anatomic structure. Thus, multiple samples with almost identical characteristics can be easily prepared. Second, the fascicle structure has been extremely well characterized at both the molecular and supramolecular level. Third, we have previously determined that type I collagen from fascicles consistently provides one of the strongest SHG signals of the various tissues we have analyzed, perhaps in part due to its highly ordered architecture.
We describe a modification of our initial imaging method 2 that allows polarization dependent scans. We also report on scanning conditions that allow SHG measurement of a rat-tail tendon without causing damage. A model for polarization dependent SHG in a rat-tail tendon is used to determine the orientation of the collagen fibrils and to investigate the second order nonlinear susceptibility tensor. The results of the model, which assumes that the dependence of backscattering in the fascicle on the polarization is negligible, agree well with the measurements.
Experimental Setup

Sample Preparation
A rat-tail tendon, dissected from the tails of 350 g SpragueDawley rats, was stored at Ϫ80°C until used. We previously had found that freezing and thawing did not affect the second harmonic signal. Individual tendon fascicles were removed from the tendon bundles under a dissecting microscope; fascicles were identified by the characteristic striations constituting the crimp angle. Typical fascicles were several centimeters long, but had a diameter of only a few tenths of a millimeter. Dry fascicles were gently compressed between two glass slides in order to provide a more uniform surface normal to the laser beam. The fascicles were not stretched, allowing the naturally crimped structure to remain.
Optical Setup
We used a Ti:sapphire oscillator ͑Spectra-Physics Tsunami͒ to generate linearly polarized 100 fs pulses at a wavelength of 800 nm and with a maximum energy of 10 nJ and at a repetition rate of 82 MHz. The beam was optically chopped at 1.5 kHz for lock-in amplification of the signal. The beam passed through a half-wave plate followed by a polarizing beamsplitter; the half-wave plate was rotated to control the power incident on the sample. A second half-wave plate placed after the beamsplitter was used to rotate the linear polarization. A longwave pass filter with a cutoff at 700 nm was used to filter out any spurious SHG generated in the system. A dichroic mirror reflected the beam into a microscope objective, through which it was focused onto a sample mounted on a three-dimensional, computer-controlled translation stage. The backscattered second harmonic signal was collimated by the same objective and passed through the dichroic mirror. The signal was focused through a 50 m pinhole and recollimated using a pair of lenses ( f ϭ5 cm͒. Use of a pinhole provides enhanced transverse and axial resolution, 14 beyond the high resolution provided by the fact that the nonlinear interaction depends on the square of the intensity. Several dichroic mirrors were used to reject the first harmonic and reflected only the second harmonic signal onto a photomultiplier tube ͑PMT͒. The PMT signal was lock-in amplified using a lock-in amplifier ͑Stan-ford Research Systems, SR830͒. The experimental setup is shown in Figure 1 . A Labview program was used to coordinate motion of the translation stage and to acquire data from the lock-in amplifier.
The microscope objective ͑Mitutoyo infinity-corrected Plano Apochromat͒ that focused the beam onto the sample and collected the backscattered second harmonic signal had a focal length f ϭ1 cm and numerical aperture NAϭ0.42. Using a knife-edge scan of the beam at the focal spot, we determined that the objective had a transverse resolution of about 1.5 m and an axial resolution of about 10 m ͑inside scattering media, both numbers are increased͒. We measure the laser beam power before the dichroic mirror and the microscope objective, using a laser power meter ͑Molectron͒. Neglecting losses in these two elements, the maximum intensity at the sample was about 4ϫ10 11 W/cm 2 .
Theory
Type I collagen, one of more than 17 genetically distinct collagens, is a triple helix about 300 nm in length and 1 nm wide. Two of the polypeptide chains in the helix are identical; the third differs in primary structure. 15 As collagen molecules are secreted by cells into the matrix, they self-organize into arrays in which each molecule is offset from its neighboring molecule by approximately 1 4 of its length. In some tissues, type I collagen is characterized by a striking degree of hierarchical organization. Once the molecules have aligned themselves, they may undergo progressively more complex degrees of organization into structures such as microfibrils, fibrils, and fascicles. Microfibrils consist of five or six individual collagen molecules arranged into a bundle with a diameter of about 4 nm. The microfibrils may then twist around each other to form a larger bundle called a fibril. This fibril is, essentially, a suprahelical structure with a diameter ranging from 20 to 500 nm. 16 -18 Fibrils may be further organized into structures called fascicles, bundles surrounded by fascia that can be seen with the naked eye. Fascicles have a structural feature called crimp, in which some components of the bundle appear to be offset from the long axis by approximately 15°in a zigzag pattern. The organization of rat-tail tendon collagen is relatively straightforward, consisting of bundles of parallel fascicles.
The helical and suprahelical characteristics of collagen may be pertinent to its ability to generate an exceptionally strong harmonic signal. Supramolecular chirality on a scale smaller than the wavelength can enhance the second-order nonlinear molecular susceptibility. 19, 20 If organized structure is present only at scales much smaller than the wavelength, then the medium appears isotropic to the laser light and second harmonic signal is eliminated due to interference. Supramolecular organization on a scale larger than the wavelength can lead to coherent instead of an incoherent SHG. 21 For the cylindrical structure of collagen fibrils (C ϱ symmetry͒, the most general vector expression for the polarization dependence of second harmonic generation is
where s represents the unit vector along the fibril axis, E 1 is the input electric field, and a, b, and c are coefficients related to the second order nonlinear susceptibility of the material. If the second harmonic frequency is far below the first electronic resonance, which is the case for collagen, then the nonlinear susceptibility tensor can be permuted over all indices ͑Klein-man symmetry͒. In our notation, this additional symmetry simply gives cϭ2b, and we have
This is the same physical model as was used in previous studies, [5] [6] [7] but the notation used makes it easier to average over a number of different fibril directions. A general expression for second harmonic intensity in the limit where the propagation distance z is much larger than the wavelength ͑so that the paraxial approximation is valid͒ and where pump depletion can be neglected is
where we define
The unit vectors, e 1 and e 2 , are in the direction of E 1 and P, respectively. The wave vector of the input field is given by k 1 and the wave vector of the second harmonic field is given by k 2 ; qϭ2k 1 Ϫk 2 is the phase mismatch. I 1 is the intensity of the laser beam incident on the sample. We should note that in the limit of extremely tight focusing of the beam, the plane wave approximation used in these calculations breaks down. If we further assume that birefringence can be neglected (q is independent of polarization directions͒, the polarization dependence in Eq. ͑3͒ reduces to
Plugging Eq. ͑2͒ for P into Eq. ͑4͒ for , we have
͓a͑ s"e 2 ͒͑ s"e 1 ͒ 2 ϩb͑s"e 2 ͒ϩ2b͑ e 1 •e 2 ͒͑ s"e 1 ͔͒.
͑6͒
Let us assume that the fibril bundle lies parallel to the y axis. We take the input beam to be along the z axis and the beam polarization to be in the x -y plane. We let ␣ denote the angle the input polarization vector makes with respect to the x axis. This geometry is illustrated in Figure 2 . There are two independent polarization directions of the second harmonic signal. We arbitrarily choose one component polarized parallel to the input field and one component polarized perpendicular to the input field. We calculate par for the second harmonic field polarized parallel to the input field and perp for the second harmonic field polarized perpendicular to the input field. Since we are interested in relative results, we drop a constant factor in the expression for and let ␥ϭb/a. So par ϰϪ 1 2 ͑ Ϫ1Ϫ6␥ϩcos 2␣ ͒sin ␣, ͑7a͒
perp ϰcos ␣͑␥ϩsin 2 ␣͒. ͑7b͒
The second harmonic signal is proportional to the sum of the intensities in the two orthogonal directions
Substituting Eqs. ͑7a͒ and ͑7b͒ into Eq. ͑8͒ gives us
Let us consider the behavior of second harmonic generation as a function of ␥. We let sin ␣ϭw and investigate the behavior of this expression as a function of w for values of 0Ͻ␣Ͻ/2 (0ϽwϽ1). We have
From the first derivative, the local extrema are calculated to be wϭϪiͱ␥ and wϭiͱ␥. Therefore, for ␥Ͼ0, the function is monotonic, while for ␥Ͻ0, local maxima and minima are present. The sign of the extrema can be calculated by evaluating the second derivative at the values of w where extrema occur. The calculated value for the second derivative at both extrema is Ϫ8␥(1ϩ4␥). So, for ␥ϽϪ1/4, the extremum is a minimum, and for Ϫ1/4Ͻ␥Ͻ0, the extremum is a maximum. This can readily be seen in the plots shown in Figure 3 . What does the value ␥ϭϪ1/4 mean physically? In order to understand this, we must write the expressions for P 2x and P 2y , the second order nonlinear polarization perpendicular to the collagen axis and parallel to the collagen axis, respectively. For simplicity, we assume that the incident radiation is polarized at a 45°angle to the collagen axis, ␣ ϭ/4. From Eq. ͑2͒, we then have,
C is some arbitrary real constant. Now, when ␥ϾϪ1/4, both the second order polarization perpendicular and parallel to the collagen axis are in the same direction as the incident beam polarization is. However, when ␥ϽϪ1/4, one component of the induced polarization is opposite to the incident beam polarization. Before applying this model, we must determine whether a small angular spread in the alignment of the collagen fibrils has a substantial effect on the measurement. For this purpose, the angle of the fibril from the tendon axis is assumed to have a Gaussian distribution
We take 0 to be 15°, which is larger than the actual spread of angles we expect to see in rat-tail tendon fibril bundles. Figure  4 shows the behavior of I SHG as a function of input polarization angle ␣ for different values of the ratio ␥ that are relevant to the experimental results. Each plot in Figure 4 shows the I SHG curves that result both when we assume all of the fibrils are oriented along one direction and when we average over different orientations of the fibril about the tendon axis. Introducing a spread into the model results in a reduction of the ratio between the maximum and minimum second harmonic signals.
As noted earlier, the fibrils are crimped and are not aligned exactly with the tendon axis. We are able to observe differences in orientation by observing changes in the values of the polarization angles where the maximum and minimum second harmonic signals are observed.
How does this theory apply to second harmonic generation in the backscattered direction? Direct production of SHG in the backscattered direction is an extremely weak process because the phase mismatch q is of order 4k. Because the sample volume is much larger than 1/4k ͑the Rayleigh range for the focused beam is about 10 m͒, the second harmonic light generated will interfere destructively and be greatly reduced. However, the second harmonic could be generated in the forward direction within the beam waist and then scattered back by nonuniformities within the sample. Second harmonic light can also be reflected at the sample-glass slide boundary. Such a reflection could also occur in vivo, even in optically thick samples, at the boundaries between different layers of tissue.
Results
Scanning Techniques to Avoid Damage
There are two techniques for measuring the harmonic signal. In both cases, the sample is moved through the fixed focal spot of the laser beam using a translation stage. In the first method, the signal is measured at specific points on the sample separated by the distance of the scan resolution. The sample acquisition time is determined by the lock-in amplifier time constant necessary to obtain a good signal-to-noise ratio; in our experiment, it ranged between 30 and 300 ms. With this method certain points on the sample are exposed to millions of repeated high intensity pulses. In the second method the beam is slowly moved across the sample such that two or three time constants elapse during the time it traverses a distance equal to the scan resolution. We were concerned that the first method might ultimately damage tissue, since the heat generated after each pulse may not dissipate completely before the next pulse. 23 We therefore compared the effects of sequential scanning using the two techniques on a rat fascicle. We interpreted a decrease in the harmonic signal as evidence of structural alteration by the laser. Figure 5 shows repeated axial scans using 1 m steps of the same point on a fascicle from a dried rat-tail tendon using a focused peak intensity of 4ϫ10 10 W/cm 2 . The repeated scans show that the second harmonic signal changes from scan to scan; however, the signal is not simply attenuated slowly by the damage. Instead, the peak signal fluctuates and moves deeper and deeper into the tissue. The damage to the tissue closer to the surface may make it more transparenteither to the first harmonic input beam or to the backscattered second harmonic signal. The intense beam is not ablating tissue because no visible damage is observed under a microscope.
By acquiring data as the sample is slowly scanned over a distance equal to the resolution ͑during a time equal to two or three time constants͒, damage can be avoided without reducing the power of the input beam. Using a peak intensity of 2ϫ10 11 W/cm 2 , and a scan speed of 8 m/s or less avoids damage to the sample ͓Figure 6͑a͔͒. If the sample is scanned slowly enough, however, damage can still occur. As can be seen in Figure 6͑b͒ ͑using a scan speed of 4 m/s͒, the damage only occurs in the region of the strongest second harmonic signal. The damage threshold for a rat-tail tendon var- ies as a function of position along the sample by a factor of about 2. The disadvantage to continuous scanning is that scans at different polarizations must be performed in series. Using an electro-optic modulator or a liquid crystal modulator, the polarization could be rotated rapidly at each scan point. However, if the sample is moving slowly at the same time as the polarization is being rotated, then changes in the collagen structure at small scales may appear as a polarization dependent signal.
Polarization Dependent Scans of a Rat-tail Tendon Fascicle
Using our confocal scanning technique, we are able to directly measure the SHG as a function of the position along the fascicle axis, position normal to the fascicle axis and the laser beam, and depth into the fascicle along the laser beam ͑Figure 2͒. Figure 7 , for example, shows a two-dimensional scan of second harmonic signal in a cross section of the fascicle, taken using the continuous scanning technique-which was used to generate all of the images we present here.
The second harmonic signal varies from cross section to cross section along the length of the fascicle; the peak signal varies by a factor of about 2 or 3 between the scans of the different cross sections. Stretching the tendon to remove the crimp, or moistening the tendon did not change the signal intensity significantly. Given the 800 nm wavelength and the 1.5 m spot size, parallel orientation of the collagen fibrils on the scale of 1 m is required in order to observe strong second harmonic signals. Figure 8 shows successive axial second harmonic images ͑linear scale͒ for input polarizations of 0°-360°in steps of 10°. The polarization angle is defined as shown in Figure 2 ; 90°polarization corresponds to light polarized along the fascicle axis. The axial scans of the rat-tail tendon fascicle indicate that the polarization dependence is constant with depth. The maximum signal intensity occurs when the input polarization is approximately 90°. Since the theory predicts that maximum signal should occur when the crimped fibril bundles are aligned with the polarization, this suggests that the crimped fibril bundles in this part of the fascicle are oriented in the direction of the beam polarization. The image also demonstrates the presence of fibril bundles with strong signals within the tendon-the signal does not decay exponentially with depth, as would be the case in a uniform medium where the input beam is simply attenuated by absorption and scattering. Figure 9 shows a graph of the polarization dependence at two specific depths (zϭϪ45 m and zϭϪ5 m͒ together with a least-squares fit to the data of the model given in Eq. ͑11͒. We fit two parameters, the constant of proportionality and ␥. Although the angle between the fibril bundle and the laser polarization does not seem to change, the ␥ parameter does vary slightly with depth in the fascicle. From the fit, we obtain values of ␥ for the two plots shown in Figure 9 : at z ϭϪ35 m, ␥ϭϪ0.83 and at zϭϪ5 m, ␥ϭϪ0.71. The measured value of ␥ does not vary more from cross section to cross section than within the single axial scan shown in Figure  8 .
One-dimensional scans across the rat-tail tendon fascicleagain for polarization angles of 0°-360°in steps of 10°-at an arbitrary depth were also made ͑see Figure 10 for an example; the relative laser beam-sample orientation is shown in Figure 2͒ . The image in Figure 10 , plotted using a logarithmic scale so that weak features are more pronounced, shows multiple peaks in the second harmonic signal. One might expect variations in the second harmonic signal simply because as the cylindrical sample is scanned across the beam focus, the distance through which the incoming laser light and the backscattered light must travel through the tendon changes. However, the sharp peaks observed in the scans are too sharp to be explained by the thickness changes of the fibril; they indicate actual structure changes within the tendon. In addition, the sample was mounted between two glass slides and compressed slightly, in order to provide a more uniform surface.
The orientation of the collagen fibril bundles that produce each of the four peaks ͑around 180, 220, 260, and 370 m͒ in Figure 10 is not the same. The strongest polarization effect occurs for the fiber bundles around 370 and 260 m. The first fiber bundle ͑370 m͒ has a peak polarization of about 55°w ith respect to the vertical while the second fiber bundle ͑260 m͒ has a peak polarization of about 75°. The rat-tail tendon fascicle is aligned at an angle of 90°͑see Figure 2͒ , so the first and second fibril bundles are tilted by 35°and 15°, respectively, from the fascicle axis. Because fibril bundles in an unstretched rat-tail tendon exhibit a characteristic crimped structure, this tilt is not surprising. There are also several polarization sensitive structures in the range between 150 and 220 m.
Discussion
In this work, we have described SHG analysis in a rat-tail tendon. We have measured the signal intensity and its polarization dependence as a function of position in a rat-tail tendon fascicle. We have determined that a continuous scanning technique allows measurement of the SHG without damaging the sample. We have also observed small regions of higher second harmonic intensity than the average signal level on scales down to the scan resolution of 5 m. An analytical model has been applied to determine the orientation of the fibrils and to investigate the ␥ parameter, a key ratio of the elements of the nonlinear susceptibility tensor. The good fit between this model and the experimental data suggests that scattering may not be significantly affected by the polarization of the light. The second harmonic signal intensity varies by about a factor of 2 across the cross section of a single rat-tail tendon fascicle. Several small regions in each scan of a fascicle cross section exist where the signal is significantly above the average level for the fascicle. The signal varies on small spatial scales, down to the scan resolution of 5 m. Changes in the second harmonic signal intensity can reflect differences in the organization on the scale of the beam focal spot size ͑approxi-mately 1.5 m by 10 m͒, but they can also indicate the possibility of different backscattering efficiencies at different points in the sample. If differences in the backscattering efficiency were negligible, then less organized structure would be expected to give a weaker signal, since the SHG from disorganized tissue would be more likely to interfere destructively. Evidence for organization on the scale of 5-10 m has been observed in electron microscopy 24 and phase-contrast optical microscopy 25 studies. Clearly, however, the second harmonic intensity alone cannot be used to investigate a rat-tail tendon structure. By rotating the angle of the linear polarization and taking the ratio of the signal at different angles, we can eliminate the backscattering efficiency as a variable. Laser light of two different polarizations travels nearly the same trajectory-the birefringence of collagen fibrils is small-and is backscattered at the same boundaries in the tissue. Of course, in order for this technique to work properly, the dependence of the backscattering process on the polarization angle must be small enough. The model for the SHG as a function of the polarization angle that we have developed-which neglects any polarization dependence of the backscattering efficiency-fits the experimental data well using only two parameters. This suggests that we are justified in omitting polarization dependent backscattering from our model of the rat-tail tendon.
The model allows us to determine the orientation of collagen fibrils in a rat-tail tendon. The structure of the rat-tail tendon has been extensively studied using electron microscopy, and the parallel fibril bundles indicated by our measurements serve mainly to confirm the usefulness of our technique. Unlike electron microscopy, confocal microscopy of the SHG can be performed in vivo and without extensive sample preparation.
We also use our model to determine ␥, the ratio between the two independent elements of the second order nonlinear susceptibility tensor, to be about Ϫ0.75. The value of ␥ varies by about 10%-20% within a single cross section and also from cross section to cross section. The fact that there is so little variability in the ␥ parameter suggests that it could be used to characterize a rat-tail tendon collagen structure. The technique we have described could be applied to other collagen tissues. Since collagen structures in various tissues differ greatly, we would expect the ␥ parameter for the tissues to vary also. If this is indeed the case, it might even be possible to develop new, noninvasive techniques to diagnose diseases that lead to changes in the collagen structure. Furthermore, using this technique, data obtained with different second harmonic detection setups could be compared directly, even though no absolute intensities are measured.
In future work, we plan to conduct a series of studies designed to determine which levels of structural organization in type I collagen play the most significant role in second harmonic generation. We plan to conduct a series of studies on collagen preparations in which structural modifications will be induced at both the molecular and supramolecular level. Modifications will be selected that are likely both to enhance the harmonic intensity as well as decrement it. Such experiments may help to elucidate the complex relationship between high intensity light and biologically significant macromolecules.
Conclusion
We have observed that the collagen structure of rat-tail tendon fascicles shows a strongly polarized response to the input laser beam in the generation of second harmonic light. We have also determined that while the second harmonic signal intensity changes significantly over a single cross section, the functional form of the polarization dependence does not. Furthermore, our results indicate that while the intensity may fluctuate with backscattering efficiency, the polarization dependence of the signal is not affected by the backscattering process. The measured data can be fit to an analytical model to determine the fibril orientation and the key parameter ␥, which gives the ratio between the only two nonzero, independent elements in the second-order nonlinear susceptibility tensor. We calculate values of ␥ϳϪ0.8 to Ϫ0.7; this small range of values observed in a fascicle suggests that there is structural homogeneity. This parameter might therefore be useful in characterizing different collagen structures noninvasively.
